The signaling and functions of the Endothelial Differentiation Gene (EDG) family of G protein-coupled receptors have been extensively elucidated. All the members of EDG family were shown to be receptors for lysosphingolipids or lysophospholipids. EDG-1, the prototype of EDG family receptors, is a high affinity receptor for serum-borne bioactive lipid, Sphingosine-1-phosphate (S1P). S1P, secreted by thrombotic platelets, has been shown to regulate a variety of cellular responses, including survival, cytoskeletal remodeling, chemotaxis etc, via the activation of cell surface EDG receptors. Recently, a novel function of S1P in modulating angiogenic response has been demonstrated. This review will focus on S1P/ EDG-1 signaling in endothelial activation, in particular in the S1P-mediated adherens junctions assembly and chemotaxis in endothelial cells. J Atheroscler Thromb, 2003; 10: 125-131.
Angiogenesis, the process of new blood vessel formation, is important in embryonic development and normal physiological events, such as fetal vasculogenesis, wound healing, and corpus luteum formation (1, 2) . Dysregulated angiogenesis is involved in pathological conditions, e.g. solid tumor growth and diabetic retinopathy (3) . The process of angiogenesis is regulated by soluble growth factors (4) , and extracellular matrix-derived signals (5), among others. Moreover, it is generally thought that angiogenesis in vivo is achieved by a balance between positive (angiogenic) and negative (antiangiogenic) factors (1, 4, 6) . For example, Ferrara's group and others (4, 7) showed that tumors secrete vascular endothelial growth factor (VEGF), a specific angiogenic factor, which stimulated angiogenesis. In addition, Folkman's group showed that primary tumors inhibit distant metastases via the production of angiogenesis inhibitors such as angiostatin and endostatin (6, 8) .
The process of angiogenesis is initiated by degradation of the basement membrane, cell invasion, directed cell migration, followed by the proliferation of endothelial cells, differentiation, morphogenesis, and finally the establishment of a new vasculture. However, the molecular mechanisms underlying this highly orchestrated process have remained elusive. Folkman and Haudenschild (9) showed that isolated endothelial cells in culture can form a complete vascular structure. Following this important discovery, cultured endothelial cells have become a widely used in vitro model system to study angiogenesis. Furthermore, Montesano and Orci (10) showed that tumor promotor, phorbol 12 myristate 13-acetate (PMA), was a potential angiogenic factor in vitro, inducing tubule formation of endothelial cells cultured in 3-dimensional collagen gel. To study genes involved in the differentiative aspects of angiogenesis; EDG-1 (endothelial differentiation gene-1), a PMA-induced gene, was isolated from cultured endothelial cells (11) . Northern blotting analysis indicated that EDG-1 was rapidly and transiently induced by PMA in endothelial cells and was superinduced in the presence of protein synthesis inhibitor, cycloheximide. Thus, EDG-1 is a member of the immediately-early genes.
Since immediately-early genes are important for cell growth and differentiation (12), we initially hypothesized that PMA-induced EDG-1 may regulate endothelial differentiation.
G i is a major Gα subunit coupled to EDG-1 G-protein-coupled receptor
Sequence analysis indicated that EDG-1 encodes a novel G protein-coupled receptor (GPCR) with seven hydrophobic transmembrane domains (11 It has been well documented that the third intracellular loop (i3) of a GPCR is important for interacting with its cognate G proteins (13) . Therefore, we constructed a fusion protein in which the intracellular loop 3 (i3) domain of EDG-1 was linked to the C-terminus of glutathione S-transferase (GST) (14) . By affinity chromatography, we observed that the pertussis toxin-sensitive, but not cholera toxin-sensitive, G proteins specifically interacted with GST-EDG-1-i3. This interaction was inhibited in the presence of GTPγS, suggesting that this in vitro interaction is physiologically relevant. The G proteins bound to EDG-1-i3 immunoreacted with anti-G i i i i iα antibodies. The Gα specificity was further confirmed by (i) the G i i i i iα polypeptides which were co-immunoprecipitated with intact EDG-1 GPCR (14) , and (ii) yeast's two hybrid interaction system (14) . Also, we demonstrated that EDG-1 GPCR was capable of activating Gi i i i iα-mediated signals, including mitogen-activated protein (MAP) kinase (14) , phospholipase A2 (14) , and inhibition of adenylate cyclase (15) . The notion that EDG-1 GPCR specifically coupled to G i i i i iα heterotrimeric G protein was further confirmed by a recent study, in which only chimerical Giq was able to transduce EDG-1 signaling to induce intracellular Ca +2 mobilization in Xenopus Oocytes (16) .
EDG-1 is a high affinity receptor for the serumborne bioactive lipid Sphingosine-1-phosphate (S1P)
Subsequently, identifying the physiological ligand and signaling relevant for EDG-1 GPCR became a formidable and urgent task. With minimal information available for EDG GPCRs, initial phylogram analysis indicated that EDG-1 was most closely related to the cannabinoid receptor family. Thus, we hypothesized that the EDG-1 ligand might be lipid-related. In the beginning, we utilized the Gi/ MAP kinase pathway to screen the ligand for EDG-1 by using EDG-1 transiently overexpressed cells. However, the results obtained were difficult to interpret due to the presence of endogenous EDG-1 and other Gi-coupled receptors in many cell types. Therefore, we examined a variety of cells in an attempt to find cell lines which express extremely low levels of EDG-1 GPCRs. Those lines were utilized to establish EDG-1 stable transfectants, which were then used to screen for EDG-1 ligand. Among the lines screened, we found that human embryonic kidney 293 (HEK293) fibroblast-like cells have barely detectable EDG-1 mRNA. Strikingly, all the EDG-1 stably overexpressed HEK293 clones (HEK293EDG-1) exhibited a distinct morphology (17) , which will be discussed in detail in the following sections. Briefly, HEK293EDG-1 cells were tightly aggregated and formed network-like structures similar to the tubular structure in differentiated endothelial cells (17) . However, why EDG-1 overexpression resulted in the formation of tubular-like morphology is unclear?
Since EDG-1 is derived from endothelial cells which are exposed to the blood stream in vivo, we hypothesized that the EDG-1 ligand is present in serum and ligand/ EDG-1 interaction results in the formation of aggregated morphology in HEK293EDG-1 cells. To test this hypothesis, fetal bovine serum (FBS), which is routinely used for cell culture, was subjected to various manipulations (17) . Heat-denatured FBS (95˚C for 1 h) still contained an aggregation-inducing ability, indicating that serumborne EDG-1 ligand is very heat-stable. In contrast, the aggregation-inducing ability of FBS was diminished when serum was pre-incubated with charcoal to remove serum-borne bioactive lipids (17) . Moreover, the acideluant of charcoal bound serum lipids was capable of inducing aggregation specifically in HEK293EDG-1 cells, but not in control cells. Collectively, these data suggest that EDG-1 ligand is a bioactive lipid present in serum.
Therefore, we utilized the morphological aggregation of HEK293EDG-1 cells as a readout for screening EDG-1 ligand. Among available lipids, we found that Sphingosine-1 phosphate (S1P) induced EDG-1 cells aggregation effectively (17) . Other lipid analogs, such as sphingosine, sphingomyelin, ceramide, ceramide-1-phosphate, lysophosphatidylserine, lysophosphatidyl ethanolamine, lysophosphatidyl inositol, lysophosphatidyl choline, leukotriene B4 and C4, platelet activating factor, anandamide, 12-hydroxyeicosatetraenoic acid (12-HETE), 5-HETE, 15-HETE, and 13-hydroxydodecanoic acid, were ineffective at concentrations as high as 50 µM. Furthermore, C3 exotoxin, an inhibitor of Rho small GTPase, completely inhibited S1P-induced aggregation, suggesting a requirement for the small GTPase Rho (17) .
Several lines of evidences supported the notion that S1P is a high-affinity ligand for EDG-1. First, radiolabelled [ 32 P]S1P binding was observed only in HEK293EDG-1 cells, whereas binding was negligible in vector-only transfected control cells (17) . This [ 32 P]S1P binding was inhibited in the presence of excess nonradioactive S1P but not by other lipid analogs, indicating that the binding was highly specific. Scatchard plot analysis showed that the apparent Kd of EDG-1 for S1P is 8.1 nM. S1P is present in serum with a concentration much greater than the Kd of EDG-1 (18). Secondly, S1P was able to activate MAP kinase directly via the EDG-1 receptor and G i i i i iα subunit. Thirdly, S1P induced EDG-1 receptor phosphorylation. Fourthly, EDG-1 receptor was internalized into intracellular vesicles specifically by incubating with S1P at 37˚C. Together, these results established formally that S1P is a high-affinity ligand for EDG-1. In agreement, Zondag et al. showed that S1P/ EDG-1 was able to inhibit adenylate cyclase and activate MAP kinase in a Gi i i i i-dependent manner (19) . S1P, a serum-borne bioactive lipid released from activated platelets (18, 20) , is thought to be responsible for many biological activities of serum. Also, S1P has been demonstrated to regulate a wide range of cellular responses, including proliferation, platelet aggregation, stress fiber formation, neurite retraction, cell rounding, tumor cell migration, among others (21, 22) . Moreover, it has been shown that S1P regulated most, if not all, of these responses by activating specific G-protein coupled receptors present on the cell surface of numerous cell types (21, 22) . Our data collectively showed that EDG-1 is a high affinity receptor for S1P. Following the identification of ligand, the physiological functions of S1P/ EDG-1 signaling have been elucidated from various laboratories. In this report, we will summarize the recent efforts to determine the S1P/ EDG-1 signaling on endothelial cells. Particularly, the assembly of adherens junctions and chemotaxis will be the main themes of this review.
S1P/ EDG-1 signaling in adherens junctions assembly
As mentioned above, all the EDG-1 stably overexpressed HEK293 clones (HEK293EDG-1) exhibited a distinct morphology (17) . The control vector transfected cells (HEK293pCDNA) were evenly distributed at day 1, and reached confluency at day 3 after plating. In contrast, HEK293EDG-1 cells were tightly aggregated at day 1, and formed network-like structures at day 3 after plating ( Fig. 1) . This distinct morphology of HEK293EDG-1 cells was similar to the tubular structure of differentiated endothelial cells, and thus was termed morphogenetic differentiation. Since EDG-1 was derived from endothelial cells which are exposed to the blood stream in vivo, we proposed that the EDG-1 ligand was present in serum and ligand/ EDG-1 interaction resulted in morphogenetic differentiation. By critically examining serum components, EDG-1 ligand was pinpointed to be a serum-borne bioactive lipid (17) . Subsequently, we found that serum borne bioactive lipid sphingosine-1-phosphate (S1P) specifically induced morphogenetic differentiation of HEK293EDG-1 cells. Furthermore, we observed that HEK293EDG-1 cells aggregated strongly in suspension, whereas HEK293pCDNA cells did not (17) . This aggre- Fig. 1 . Fig. 1 . Fig. 1 . Fig. 1 . Fig. 1 . S1P/ EDG-1 signaling induce morphogenetic differentiation and adherens junction assembly. HEK293 cells were stably overexpressed pCDNA (A) or EDG-1 (B) plasmid. Note that the EDG-1 expression results in aggregated, network-like morphology. HUVEC cells were treated without (C) or with (D) S1P, followed by immunostaining with anti-VE-cadherin. Note that the dramatic increase of VE-cadherin localization at cell-cell junctions in endothelial cells after S1P stimulation. Scale bars in B and D are 56 and 13.4 µM, respectively. gation was Ca +2 -dependent, and was subsequently shown to be mediated by cadherin based adhesion mechanisms (23) . The expression of P-and E-cadherins was increased in HEK293EDG-1 cells; whereas the expression of cytoplasmic cadherin-associated proteins, such as α-, β-, and γ-catenins, was not altered. Electron microscopy analysis showed that HEK293EDG-1 cells had abundant well-developed adherens junction-like structures. In addition, the expression of P-cadherin in HEK293EDG-1 cells was enhanced dose-dependently by S1P treatment. Also, the Rho family of small guanosine triphosphatase (GTPase) was required for S1P/ EDG-1 induced cadherin expression and formation of adherens junctions, consistent with early observation that the Rho and Rac are required for the establishment of cadherindependent cell-cell contacts (24) . These data together suggest that S1P/ EDG-1 signaling may function in regulating the biogenesis and/ or maintenance of the adherens junctional complexes. We next investigated the physiological relevance of adherens junctions assembly regulated by S1P/ EDG-1 signaling. Human umbilical vein endothelial cells (HUVEC) express abundant EDG-1 and a much lower level of EDG-3, whereas the EDG-5 S1P receptor is barely detected (25) . Treatment of endothelial cells with S1P resulted in dramatic increase of VE-cadherin, α-, β-, and γ-catenin localization at cell-cell junctions (Fig. 1) . Confocal immunofluorescence microscopy indicated that S1P treatment increased the localization of VE-cadherin into discontinuous structures at cell-cell contact regions, suggesting that S1P induced the formation of adherens junctions (25) . Treatment with related lipids (sphingosine, sphingomyelin, ceramide, ceramide-1-phosphate) that do not interact with S1P receptors had no effect. Also, direct microinjection of S1P (ranging from 500 nM to 500 µM) into the cytoplasm did not increase the immunoreactivity of VE-cadherin and catenins at cell-cell junctions. Formation of mature adherens junctions requires homophilic binding of intercellular cadherins, association with cytoplasmic polypeptides, and attachment to the cytoskeleton, which ultimately results in the partitioning of cadherin molecules into the detergent-insoluble fraction (26) . Fractionation of HUVEC cell lysates showed that S1P-induced, in a dose-and time-dependent manner, an increase in the amount of VE-cadherin in the Triton X-100 insoluble fraction; however, the overall level of protein was not altered. Furthermore, S1P significantly increased the α-catenin and VE-cadherin polypeptides present in the γ-and β-catenin immunoprecipitates (25) .
To determine if Rho and Rac small GTPases were required for S1P-induced adherens junction assembly, C3 exoenzyme and dominant-negative N17Rac polypeptide were microinjected into HUVEC cells. Microinjection of C3 and N17Rac dramatically diminished S1P-induced VE-cadherin and β-catenin localization at cell-cell junctions (25) . These data suggest that S1P-induced Rho and Rac activation was required for adherens junction assembly in HUVEC. Next, we examined the involvement of the EDG-1 and -3 subtypes of S1P receptors in the assembly of adherens junctions. For this, antisense phosphothioate oligonucleotides (PTO) specific for blocking the expression of EDG-1 and -3 receptors were developed (25) . Subsequently, the EDG-1 or EDG-3 specific PTOs were microinjected into HUVEC, and both EDG-1 and -3 antisense PTOs were able to inhibit the S1P-induced VE-cadherin localization at cell-cell junctions (25) . In contrast, neither the complementary nor the scrambled sequence of EDG-1 and -3 oligonucleotides inhibited VE-cadherin assembly significantly. Together, these results indicated the extracellular action of S1P via the EDG-1 and EDG-3 receptors transduced signals through the Rac and Rho small GTPases to regulate the assembly of adherens junctions in endothelial cells. In agreement, Garcia et al. (27) showed that S1P treatment resulted in rapid and sustained increases in endo-thelial monolayer barrier integrity, and reversed the thrombin-elicited endothelial barrier dysfunction. S1P-mediated endothelial barrier enhancement was dependent upon EDG receptor and Rho, Rac small GTPases.
It has been demonstrated that S1P signaling functioned as a novel angiogenic modulator both in cultured endothelial cells and in animals (25, 28) . For example, S1P dosedependently promoted the morphogenesis of HUVEC and bovine microvascular endothelial cells into capillary-like networks on matrigel, which is a widely used angiogenic assay in vitro (29) . Inactivation of the heterotrimeric Gi protein by pertussis toxin abrogated the S1P-induced morphogenesis (25) . Furthermore, the anti-VE-cadherin blocking monoclonal antibody (30) inhibited S1P-induced morphogenesis in a dose-dependent manner. Also, EDG-1 and EDG-3 antisense PTO attenuated S1P-induced HUVEC morphogenesis. Coadministration of both PTOs reduced morphogenesis in an additive manner. In contrast, similar doses of EDG-1, -3 scrambled or sense sequences or the EDG-5 antisense PTO failed to block the S1P-induced endothelial cell morphogenesis. These data indicatd that S1P activated EDG-1 and EDG-3 receptors on endothelial cells, resulting in the activation Rho-/Rac-mediated VE-cadherin assembly into adherens junctions which was important for endothelial cell morphogenesis into capillary-like networks. This observation is consistent with other studies implicating the importance of VE-cadherin in endothelial cell morphogenesis (30, 31) .
S1P/ EDG-1 signaling in endothelial cell migration
Angiogenesis, a highly regulated process, includes orderly events such as proliferation, migration, and differentiation. Recently, several studies have demonstrated that S1P is a potent chemoattractant for endothelial cells, and more effective than VEGF and FGF-2 (32, 33). Also, it was shown that EDG-1 and EDG-3 mediated activation of Rho and Rac GTPases and integins polypeptides were required for S1P-mediated chemotaxis in endothelial cells (34) . Furthermore, we and others showed that S1P activated protein kinase Akt/ PKB via the EDG-1 coupled to Gi heterotrimeric G protein, and the activity of Akt/ PKB was indispensable for chemotactic responses of endothelial cells following S1P stimulation (32, 35, 36) . Activated Akt/ PKB was shown to associate with the third intracellular loop of EDG-1. In addition, the consensus Akt phosphorylation sequence (RxRxxS/T) was noticed in the third intracellular domain (i3) of EDG-1, but not in EDG-3, EDG-5, or EDG-8 subtypes of S1P receptors (32) . Subsequently, EDG-1 was proven to be a novel physiological substrate for Akt/ PKB by the fact that activated Akt was able to phosphorylate Threonine 236 (T 236 ) of EDG-1 both in vitro and in intact cells (32) . The Akt-mediate EDG-1 phosphorylation resulted in the transactivation of EDG-1, which was functionally essential for Rac activation, cortical actin assembly, and chemotaxis. Accordingly, a feed-forward reaction involved Akt-mediated EDG-1 phosphorylation for S1P-induced endothelial cell migration was established (32) . Indeed, the phosphorylationdeficient EDG-1 mutant, in which T236 was mutated to A, functioned as a dominant-negative reagent to block S1P-mediated Rac activation, chemotactic and angiogenic responses in endothelial cells (32) .
Chemotaxis requires the concerted regulation of cytoskeleton remodeling and focal contacts formation. The effects of S1P on cytoskeletal remodeling and focal contact formation were initially observed in 3T3 fibroblasts, in which S1P activated focal adhesion kinase, increased formation of integrin-dependent focal contacts, and Rho-dependent stress fiber assembly (37) . Also, S1P treatment affected cytoskeletal architecture and caused neurite retraction in N1E-115 and PC12 neuronal cell lines (38, 39) . Subsequently, the increased focal contacts and dramatic cytoskeletal changes, including membrane ruffling and stress fibers, were observed in S1P-stimulated endothelial cells (25, 34) . These S1P-mediated endothelial events required the presence of both EDG-1 and EDG-3 receptors, and the activities of Gi and Rho families of small GTPases. Specifically, S1P/ EDG-1 signaling via the Gi/ Cdc42 and Rac regulated the membrane ruffling and cortical actin formation, whereas the stress fiber assembly required the Rho small GTPase. Also, EDG-1 mediated Akt activation and the consequent Aktdependent EDG-1 phosphorylation was critical for S1P-induced membrane ruffling, cortical actin formation, and endothelial chemotaxis (32, 35) . However, the molec-ular details downstream to Akt-dependent EDG-1 phosphorylation, which ultimately lead to Rac activation and cytoskeletal changes, are poorly understood.
Recently, much attention has been focused on cortactin, a polypeptide required for cross-linking of actin filaments, which was present in the rim of membrane ruffles following FGF-2 stimulation (40) . The importance of cortactin-Arp2/3 complexes in S1P mediated chemotaxis was demonstrated by a recent study that overexpression of Arp2/3 binding deficient cortactin mutant inhibited S1P stimulated endothelial migration (41) . We and others also observed that cortactin relocalization to membrane ruffling and cell migratory edge of endothelial cells following S1P treatment (Ozaki et al., unpublished observation). It was shown that S1P induced tyrosine-phosphorylation of cortactin by the src family of kinases in endothelial cells (42) . However, PP2, a specific inhibitor of the src family of tyrosine kinases, has no effect on S1P-mediated directional migration (Ozaki et al., unpublished observation). Thus, the role of tyrosine phosphorylation of cortactin in S1P-mediated chemotaxis in endothelial cells remains to be determined.
Also, evidence was provided that direct binding of Cdc42 and Rac1 to the N-terminal regulatory domain of the p21-activated kinase (PAK) stimulated PAK activation and actin reorganization (43) . Cortactin is constitutively associated with PAK in resting cells and dissociates from PAK after ligand stimulation. These results suggest that Cdc42/Rac1-dependent activation of PAK may trigger early cytoskeletal rearrangement, at least in part through the regulation of cortactin binding to PAK. Furthermore, it was shown that endothelial myosin light chain kinase (EC MLCK) is stably associated with a complex containing src kinase and cortactin (44) . The EC-MLCK-cortactin interaction inhibited cortactin-mediated augmentation of Arp2/ 3-stimulated actin polymerization, implying EC-MLCK cortactin interaction may regulate cytoskeletal remodeling in endothelial cells. Nevertheless, there is no evidence so far which suggests that PAK and/ or EC-MLCK are functionally indispensable in S1P-mediated membrane ruffling and chemotaxis in endothelial cells.
Summary
EDG-1, the first identified member of EDG family of G-protein coupled receptors, was initially cloned from differentiating human umbilical vein endothelial cells. It was shown that EDG-1 is a high affinity receptor for Sphingosine-1-phosphate, a serum-borne bioactive lipids secreted by thrombotic platelets. Recently, a novel function of S1P in blood vessel development and maturation has been demonstrated. For example, S1P greatly potentiated angiogenesis responses induced by VEGF and FGF. In addition, deletion of EDG-1 resulted in embryonic lethality due to a vascular maturation defect. Also, the molecular details of S1P/ EDG-1 signaling cascades have been emerging by efforts from various laboratories. Specifically, it was well documented that at least two distinct signalings are mediated by EDG-1 receptor. S1P/ EDG-1 transiently signals via the Gi to regulate MAK kinase, phospholipase A2, adenyl cyclase, and protein kinase Akt/ PKB. Alternatively, S1P/ EDG-1 signals via Rho family of small GTP-binding proteins to regulate long-term cellular responses such as adherens junctions assembly, cytoskeletal changes, and chemotaxis in endothelial cells. Characterization of S1P/ EDG-1 signaling will provide knowledge for future modulation of EDG-1 functions, which may offer a novel target for angiogenic therapeutics.
